Preclinical animal model studies of brain energy metabolism and neuroinflammation in Alzheimer's disease have produced conflicting results, hampering both the elucidation of the underlying disease mechanism and the development of effective Alzheimer's disease therapies. Here, we aimed to quantify the relationship between brain energy metabolism and neuroinflammation in the APP/PS1-21 transgenic mouse model of Alzheimer's disease using longitudinal in vivo 18 F-FDG and 18 F-DPA-714) PET imaging and ex vivo brain autoradiography. APP/PS1-21 (TG, n ¼ 9) and wild type control mice (WT, n ¼ 9) were studied longitudinally every third month from age 6 to 15 months with 18 F-FDG and 18 F-DPA-714 with a one-week interval between the scans. Additional TG (n ¼ 52) and WT (n ¼ 29) mice were used for ex vivo studies. In vivo, the 18 F-FDG SUVs were lower and the 18 F-DPA-714 binding ratios relative to the cerebellum were higher in the TG mouse cortex and hippocampus than in WT mice at age 12 to 15 months (p < 0.05). The ex vivo cerebellum binding ratios supported the results of the in vivo 18 F-DPA-714 studies but not the 18 F-FDG studies. This longitudinal PET study demonstrated decreased energy metabolism and increased inflammation in the brains of APP/PS1-21 mice compared to WT mice.
Introduction
The pathophysiology of Alzheimer's disease (AD) has been explained by the amyloid cascade hypothesis, which posits that the accumulation of the amyloid-b (Ab) peptide in the brain leads to neuronal cell damage and eventually to AD. 1 Increasing knowledge about other pathological mechanisms in AD, such as innate immune-mediated neuroinflammation and deficits in brain energy metabolism and neurotransmitter systems, has led to new ways of thinking about AD progression. [2] [3] [4] [5] The development of positron emission tomography (PET) tracers that can measure and monitor biological events in living subjects during disease progression has provided a noninvasive way to study AD in vivo.
The use of 2-18 F-fluoro-2-deoxy-D-glucose ( 18 F-FDG) PET imaging makes it possible to monitor changes in glucose metabolism over time in living systems. In AD patients, typical 18 F-FDG PET findings include hypometabolism in the parietotemporal cortices, posterior cingulate cortex and the precuneus. [6] [7] [8] A decrease in the cerebral metabolic rate of glucose in AD is associated with synaptic activity deficits in the brain. In transgenic (TG) murine models of AD, the use of 18 F-FDG PET to investigate alterations in brain energy metabolism in the presence of genetically modified Ab pathology have produced unclear results. Specifically, different TG mouse models of amyloidosis have shown both increased 9,10 and decreased 11, 12 brain energy metabolism. Moreover, the age of the animals and the methodological protocols have not been consistent across the studies.
Neuroinflammation is suspected to be one of the most important factors for promoting cognitive decline in AD, 13 and microglial activation is the main pathological event that leads to neuroinflammation. Microglia are macrophages in the central nervous system that normally help maintain neuronal circuit plasticity and help protect the synapses. 14 When microglia are activated by pathological triggers, they migrate to the site of the injury and initiate an innate immune response. The activation of microglia leads to increased expression of the mitochondrial 18-kDa translocator protein (TSPO), which is associated with AD pathogenesis and which has been used as a target for the development of in vivo PET imaging ligands for neuroinflammation. 3, [15] [16] [17] [18] In recent years, 18 F-N,Ndiethyl-2-(2-[4-(2-fluoroethoxy)phenyl]-5,7-dimethylpyrazolo [1,5-] pyrimidine-3-yl)acetamide ( 18 F-DPA-714) has been identified as a selective TSPO ligand with demonstrated good binding potential and bioavailability. According to several animal studies, 18 F-DPA-714 is better for PET imaging than 11 C-PK11195 because of its low nonspecific binding in the brain and its longer half-life. 19, 20 Unfortunately, the results of human 18 F-DPA-714 PET studies have been conflicting. 21, 22 In addition, genetic polymorphism leads to high, mixed or low affinity TSPO binders in human subjects, and this needs to be taken into account when planning a TSPO PET imaging study. 22, 23 It is important to evaluate the use of in vivo 18 F-FDG and 18 F-DPA-714 binding in AD murine models in order to optimise future clinical imaging studies and to develop pharmacological approaches that target both neuroinflammation and energy metabolism. Longitudinal in vivo PET studies conducted in suitable AD animal models using radiotracers may help prevent or delay AD by increasing our understanding and awareness of the pathological events that occur in the brain during the course of the disease. Such approaches could also be used to monitor the effects of various interventions. The timing, the origins and the relationships of the pathological changes in AD remain unknown; thus, there is an urgent need for studies that use suitable PET tracers in relevant animal models. In addition, TG murine models that overexpress AD-related genes, such as the human amyloid precursor protein (APP) and presenilin 1 (PSEN1), commonly show only some of the pathological changes observed in patients with AD, not the full spectra. 24 Thus, even refined AD animal models merit further evaluation.
In order to fulfil this demand, we aimed to quantify the relationship between brain energy metabolism and neuroinflammation in the APP/PS1-21 TG mouse model of AD using longitudinal in vivo 18 F-FDG and 18 F-DPA-714 PET imaging and ex vivo digital autoradiography. This is the first longitudinal PET imaging study of alterations in cerebral glucose metabolism and neuroinflammation in AD in which the pathological events have been monitored in the same ageing animals over time.
Materials and methods
Radiochemistry 18 F-FDG and 18 F-DPA-714 were synthesised at the Radiopharmaceutical Chemistry Laboratory at the Turku PET Centre. 18 F-FDG was produced from mannosyl triflate with the FASTlab synthesizer (GE Healthcare, Waukesha, WI, USA). The radionuclide labelling was conducted via the nucleophilic substitution reaction as described previously with slight modifications. 25 The radiochemical purity of 18 F-FDG exceeded 98%, and the specific activity at the end of the radiosynthesis process was >100 GBq/mmol. 18 F-DPA-714 was synthesised according to the original synthesis method. 18 The radiochemical purity of 18 F-DPA-714 always exceeded 99.5%, and the specific activity of the 18 F-DPA-714 was >1 TBq/mmol.
Animals
All animal experiments were approved by the Regional State Administrative Agency for Southern Finland (permissions ESAVI/4499/04.10.07/2015 and ESAVI/ 3899/04.10.07/2013) and animal care complied with the guidelines of the International Council of Laboratory Animal Science (ICLAS). In addition, this study was performed in strict compliance with the ARRIVE guidelines, and met the principles of the 3Rs (Replacement, Reduction and Refinement) by using longitudinal PET imaging to examine the same animals repeatedly.
APP/PS1-21 mice (C57BL/6J-TgN(Thy1-APP KM670/671NL ; Thy1-PS1 L166P ) were originally provided by Koesler (Rottenburg, Germany) and were further bred in the Animal Centre of University of Turku with C57BL/6Cn mice. APP/PS1-21 mice co-express human APP with the Swedish double mutation KM670/671NL and the L166P mutated human PS1 under the control of a neuron-specific murine Thy-1 gene fragment in a C57BL/6J background. 26 Because of the mutations, Ab plaques start to develop when the mice are 2 months old, and the plaques are accompanied by microglia proliferation, neuronal degeneration and cognitive decline. 26, 27 The animals were housed in individual-ventilated cages, under consistent temperature (21 C AE 1.2 C) and humidity (55% AE 5%) conditions with a 12-h light/dark cycle. They had free access to tap water and certified standard laboratory chow ad libitum. Their body weight was measured once at the beginning of every experiment ( Figure S1 ).
Blood glucose and temperature measurements
The body temperature and the blood glucose values of the mice were measured before and after every 18 F-FDG injection in the in vivo PET and in the ex vivo studies. A drop of blood was taken from a tail vein and analysed using Accu-Chek Aviva Nano (Roche Diagnostics, USA), and rectal body temperature was measured with the Physitemp model BAT-12 microprobe thermometer (Physitemp Instruments Inc., NJ, USA).
PET imaging
PET imaging studies were conducted longitudinally using two female and seven male APP/PS1-21 mice (TG, n TOTAL ¼ 9), and two male and seven female wild-type control littermates (WT, n TOTAL ¼ 9). The mice underwent PET scans at age 6, 9, 12 and 15 months with the Inveon Multimodality PET/CT scanner (Siemens Medical Solutions, Knoxville, TN, USA). The mice were first studied with 18 F-FDG, and, after a one-week interval, with 18 F-DPA-714.
The in vivo study design is presented in Figure S2 . Briefly, before each 18 F-FDG scan, the mice fasted while placed on a temperature-controlled heating pad for 90 min and were anaesthetised with a 2.5% isoflurane/oxygen mixture 30 min prior to injection. CT transmission scans were acquired for attenuation correction for the PET scans to obtain anatomical reference images. Intravenous bolus injection of 18 F-FDG (7.95 AE 0.46 MBq) and 60-min dynamic three-dimensional PET list mode scans with an energy window of 350-650 keV were performed in tandem. The PET list mode data were reconstructed using a two-dimensionally filtered back projection algorithm and Fourier-rebinned into two-dimensional sinograms (51 frames: 30 Â 10, 15 Â 60, 4 Â 300 and 2 Â 600 s). The mice recovered after each PET scan for 1 h on the heating pad inside their own cage, and their health was monitored by the researcher.
The 18 F-DPA-714 (5.23 AE 1.19 MBq) PET studies followed the same protocol used for the 18 F-FDG except for the fast and the measurements of body temperature and blood glucose.
Analysis of PET imaging data
PET imaging data were analysed using Inveon Research Workplace Image Analysis software v. 4.1 (Siemens Medical Solutions). PET/CT images were coregistered with a representative three-dimensional mouse MRI template. 28 Brain uptake of 18 F-FDG and 18 F-DPA-714 was analysed with volumes of interest (VOIs) drawn over the whole brain, including the olfactory bulbs, cortex, frontal cortex (FC), parietotemporal cortex (PTC), hippocampus (HIPPO), striatum (STR), thalamus (THA), hypothalamus (HYPO) and cerebellum (CB). VOIs were drawn into the CT images by uploading brain region-specific VOI templates into the analysis software. The size of each VOI template was adjusted according to the brain size of every animal. The size of each VOI was approximately 8 mm 3 except for the HYPO VOI (5 mm 3 ). The mean radioactivity concentrations were evaluated as standard uptake values (SUVs) for 18 F-FDG for 30 to 60 min, and the ratios of 18 F-DPA-714 binding relative to the CB were evaluated for 30 to 50 min as the time-activity curves plateaued.
Ex vivo brain autoradiography
Additional TG mice (n ¼ 52; 21 females) and WT mice (n ¼ 29; 14 females) were used for the ex vivo digital autoradiography studies. The ex vivo 18 F-FDG studies were conducted using 6-, 9-, 12-and 15-month-old TG mice (n TOTAL ¼ 17; 9 females) and 6-, 9-, 12-and 15-month-old WT mice (n TOTAL ¼ 19; 7 females). The ex vivo 18 F-DPA-714 studies were performed with 1-, 3-, 5-, 10-, 12-and 15-month-old TG mice (n TOTAL ¼ 35; 12 females) and 2-and 15-month-old WT mice (n TOTAL ¼ 10; 7 females).
The ex vivo study design is shown in Figure S3 . Briefly, mice fasted for 90 min while placed on a heating pad and were anaesthetised with a 2.5% isoflurane/ oxygen mixture for 30 min before 18 F-FDG injection. 18 F-FDG (7.96 AE 0.35 MBq) was injected intravenously into the tail vein, and each mouse was kept under anaesthesia on the heating pad for 60 min. When the uptake period was over, the mice were sacrificed via cardiac puncture under increased anaesthesia (4.0% isoflurane/oxygen). Transcardial perfusion with saline was conducted rapidly in order to eliminate blood from the brain. The ex vivo 18 F-DPA-714 studies followed the same study protocol as the ex vivo 18 F-FDG studies ( Figure S3 ) except for the fasting and the measurements of body temperature and blood glucose.
After sacrifice, brains were dissected, weighed and the 18 F-radioactivity was measured with an automatic g-counter (Wizard 2 , PerkinElmer, Finland). Each brain was frozen with dry ice-(solid CO 2 ) isopentane. The brains were cut into 20-mm thick coronal cryosections with a CM3050S cryostat (Leica Biosystems, Nussloch, Germany) in the region level of interest as follows: FC (þ2.60 mm from the bregma), STR (þ1.20 mm from the bregma), anterior hippocampus (ANTH, À1.20 mm from the bregma), posterior hippocampus (POSTH, À2.90 mm from the bregma) and CB (À6.0 mm from the bregma). The cryosections were air-dried and exposed to an imaging plate (Fuji Imaging Plate BAS-TR2025, Fuji Photo Film Co., Japan) for 4 h. The distribution of 18 F-radioactivity was exposured to the imaging plate, and the imaging data on the plate were digitised using the BAS5000 analyser (Fujifilm Life Sciences, Japan) with a spatial resolution of 25 mm.
Analysis of digital autoradiography images
The regions of interest (ROIs) were manually drawn on the digital autoradiographs over the FC, PTC, STR, THA, ANTH, POSTH and CB with Aida image analysis software (Image Analyzer v. 4.22; Raytest Isotopenmeßgera¨te GmbH, Straubenhardt, Germany). The images were analysed for count densities, which were expressed as background-erased photostimulated luminescence per area (PSL/mm 2 ). The radioactivity was evaluated for each ROI by comparing the regional brain PSL/mm 2 -value to that of the CB.
Immunohistochemistry
The presence of neuroinflammation, plus the amount and the type of the Ab deposition, were examined by staining the brain sections collected from the ex vivo autoradiography studies. Air-dried, fresh-frozen brain sections from different age groups (1-to 15-month-old mice) were postfixed with 4% paraformaldehyde and stained with thioflavin S (Sigma-Aldrich) or with the antibodies to Ab 1-42 (Millipore Corporation) or iba1 (Wako Pure Chemical Industries, Ltd.). The detailed immunohistochemical staining protocols are described in S4.
Statistics
For the in vivo and ex vivo studies, the results are expressed as the mean group values AE standard deviation (SD). The statistical analyses were performed with SPSS Statistics v. 23 (IBM) and GraphPad Prism 6.0 software (Graphpad Software). For PET imaging results, the uptake group and the uptake change differences between TG and WT mice during ageing were analysed with repeated measure ANOVA (SPSS v.23). For the ex vivo results, the uptake differences and differences in body temperature and blood glucose between TG and WT mice were analysed with the Mann-Whitney U test (GraphPad Prism). The correlation between 18 F-FDG and 18 F-DPA-714 uptake in vivo in TG mice was analysed with the Pearson test (GraphPad Prism), since these results were normally distributed and linear. Differences were considered statistically significant if the p value was less than 0.05.
Results
Longitudinal PET imaging of brain energy metabolism with 18 
F-FDG
Significantly lower (p < 0.05) 18 F-FDG SUVs 30-60min were observed in the whole brain, cortex, FC, HIPPO, STR, THA, HYPO and CB of 12-month-old TG mice (n ¼ 9) compared with age-matched WT mice (n ¼ 9). Compared with 15-month-old WT mice, the age-matched group of TG mice showed further decreases in 18 F-FDG SUV 30-60min values in the same brain regions (p < 0.05), and also in the PTC (Figure 1 , Table 1 ). There was no intergroup difference between 6-month-old TG and WT mice.
There were significant (p < 0.05) differences in the mean 18 F-FDG uptake changes from 6 to 12 months between TG and WT mice in the whole brain, cortex, FC, PTC, HIPPO and STR ( Figure 1 , Table S6 ). Furthermore, there were significant differences in the mean 18 F-FDG uptake changes in the whole brain, cortex, FC, PTC, HIPPO, STR, THA, HYPO and CB between TG and WT mice from 6 to 15 months (p < 0.05) ( Figure 1 , Table S6 ). The differences plateaued rather than increasing further from 12-to 15-month-old mice.
The heating pad used for the PET/CT experiments was broken when the 18 F-FDG PET imaging studies were conducted at 9-month time point. All data from the 9-month-old TG and WT mice were excluded from the final analyses in order to have consistent conditions throughout the longitudinal study.
Longitudinal PET imaging of neuroinflammation with 18 F-DPA-714
Significantly higher (p < 0.05) 18 F-DPA-714 CB 30-50min ratios were observed in the cortex, FC, PTC and STR of 6-month-old TG mice (n ¼ 9) compared with agematched WT mice (n ¼ 9) ( Figure 2 , Table 2 ). A similar increase in 18 F-DPA-714 binding was detected in the cortex and PTC (p < 0.05) when the TG mice were 9 months old, and in the cortex, FC, PTC, HIPPO, STR and THA (p < 0.05) when the TG mice were 12 months old. The intergroup differences remained significant between 15-month-old TG and WT mice in the cortex, PTC, HIPPO, STR, THA and the whole brain (p < 0.05) ( Figure 2 , Table 2 ).
There was a significant difference (p < 0.05) in the mean 18 F-DPA-714 uptake changes relative to the CB in the THA between the TG and WT mice from age 6 to 15 months and from age 9 to 15 months ( Figure 2 , Table S7 ). No differences were detected in the mean changes between TG and WT mice from age 6 to 15 months in other brain regions, except for the FC from 6 to 9 months (p < 0.05). In other words, the differences in the mean uptake changes between TG and WT mice did not increase during the longitudinal study because Correlation between in vivo 18 F-FDG and 18 F-DPA-714 uptake in the brain
The correlation between 18 F-FDG and 18 F-DPA uptake in vivo in 6-and 15-month-old TG mice was analysed in the cortex, HIPPO and STR. There was a high positive correlation between the 18 F-FDG SUV and the 18 F-DPA-714 cortex/CB (p < 0.005) and the HIPPO/CB (p < 0.05) ratios when TG mice were 6 months old (Table 3 ). There was a moderate positive correlation between 18 Ex vivo brain autoradiography with 18 F-FDG and 18 F-DPA-714
Increased region-to-CB-ratios were seen in 12-and 15-month-old TG mice compared with WT mice in the ex vivo 18 F-FDG autoradiography studies (Figures 3 and 4, and S8 ). The 18 F-FDG FC/CB ratios were significantly higher (p < 0.05) in 12-monthold TG mice (n ¼ 3) versus age-matched WT mice (n ¼ 4), but no significant differences were found in other brain regions. The 15-month-old TG mice (n ¼ 4) had significantly higher (p < 0.05) region-to-CB-ratios for the FC, PTC and POSTH compared with age-matched WT mice (n ¼ 4) (p < 0.05). No differences were observed for the other brain regions in this age group or in younger mice. In the ex vivo 18 F-DPA-714 autoradiography studies, increased region-to-CB-ratios were seen in 1-, 3-and 15-month-old TG mice compared with WT mice (Figures 3 and 4 , S8, S9). This finding was consistent with the in vivo imaging data ( Figure 2) . The region-to-CB-ratios were significantly higher (p < 0.05) in the FC, PTC, POSTH, STR and ANTH of 15-month-old TG mice (n ¼ 5) than in age-matched WT mice (n ¼ 4). Furthermore, the region-to-CB-ratios were higher (p < 0.05) in the 1-and 3-month-old TG mice (n 1mo ¼ 6; n 3mo ¼ 6) than in the 2-month-old WT mice (n ¼ 6) in the same brain regions as in the 15-month-old mice. There was no difference in the ratios relative to the CB between 2-and 15-month-old WT mice.
Blood glucose values and body temperature of APP/PS1-21 mice
We observed significantly lower (p < 0.05) blood glucose values in 12-month-old TG mice than in WT mice before the in vivo 18 F-FDG studies; the values were not significantly different between the two groups at other ages. However, the values tended to be lower in TG mice for every age group compared with agematched WT mice. The mean body temperatures of the TG and WT mice did not differ either before or after the 18 F-FDG injections (Table S5 , Figure S5 (a-d) ).
Activated microglia and A deposition in the brain
Even at the age of 6 months, APP/PS1-21 mice already had dense Iba1-immunoreactive microglia in the cerebral cortex compared with age-matched WT mice (Figure 4 ; Figure S8 ). By the age of 9 months, the abundant microglial cell bodies were bigger, and more activated microglia were observed in other brain regions such as the HIPPO, THA and STR. The amount of Iba1-immunoreactive microglial cells seemed not to increase in TG mice after the age of 9 months.
Thioflavin S staining revealed that the APP/PS1-21 mice had fibrillar Ab deposits in the cortical areas of the brain at age 6 months, and a few smaller deposits were found in the THA (Figure 4) . The amount and the size of Ab deposits increased from age 6 months to age 9 months in TG mice, and each brain region showed thioflavin S-specific deposits. Similar to the Iba1-findings, the amount of the Ab deposits seemed not to increase after age 9 months. WT mice had no thioflavin S-specific deposits at any age ( Figure S8 ). Ab 42 -driven deposits were investigated using an Ab 42 antibody in order to obtain more detailed information about the amyloidosis in these TG mice. Large dense Ab 42 -specific plaques were abundant in the same brain regions as the Iba1-driven microglia cells, such as the cortex and THA, in 6-month-old TG mice (Figure 4) . The Ab 42 -immunoreactive deposits increased in the TG mice until the age of 9 months and seemed further to increase until the mice were 15 months old. WT mice had no Ab 42 -specific plaques in the brain ( Figure S8 ).
Discussion
Here, we investigated brain energy metabolism and neuroinflammation in ageing, TG APP/PS1-21 mice 
Brain energy metabolism in APP/PS1-21 mice
Longitudinal PET imaging studies demonstrated that APP/PS1-21 mice exhibited significantly decreased brain glucose utilisation at age 12 and 15 months compared with age-matched WT mice. Significant differences in the mean 18 F-FDG changes from 6 to 12 months and from 6 to 15 months demonstrated how TG and WT mice diverge during ageing in terms of glucose utilisation. A plateau phase was not detected from 6 to 15 months, indicating that the glucose utilisation-related pathology continued to increase in TG mice during this time (Figure 1 ). The in vivo results are in line with the PET imaging studies performed in AD patients. 29, 30 Not surprisingly, the ex vivo results were inconsistent with the in vivo data in that they showed increased 18 F-FDG binding ratios to the CB in cortical regions and in the HIPPO of 12-and 15-month-old APP/PS1-21 mice. The contrasting binding results are due to the difficulty in finding a reference region, as discussed below. Previous 18 F-FDG studies in other AD mouse models have reported increased or decreased 18 F-FDG uptake in TG AD mice versus healthy mice; notably, in AD patients, there is decreased cerebral metabolism in the brain, regardless of the presence of Ab plaques. [30] [31] [32] [33] This decrease in brain glucose metabolism correlates with dementia severity in AD as the disease progresses. In some preclinical animal studies, double TG APP/PS1 (APP K670N/M671L, V7171 and PS1 M146L ) mouse model, which is commonly used in AD research, 34, 35 has exhibited significantly impaired glucose and insulin tolerance at the age of 6 months. 36 In contrast, Poisnel et al. observed in 18 F-FDG PET studies that 12-month-old APP/PS1 mice had increased (not impaired) regional cerebral glucose uptake. 9 A single mutation TG Tg2576 (APP K670N/M671L ) mouse model also showed increased glucose metabolism in 3-month-old animals, 10 whereas PDAPP (APP V717F ) mice have shown decreased or increased glucose utilisation in brain 14 C-DG autoradiography studies, depending on the brain region and the age of the mice. 11, 31 Notably, 12-to 15-month-old 5XFAD (APP K670N/M671L, 1716V, V7171 and PS1 M146L, L286V ) mice have also shown varying 18 F-FDG uptake results. 37 Macdonald et al. reported that 13-month-old 5XFAD mice, but not younger mice, had significantly lower 18 F-FDG uptake, while Rojas et al. have reported elevated 18 F-FDG binding ratios relative to the CB in 10-month-old 5XFAD mice. 37, 38 Neuroinflammation in APP/PS1-21 mice While the TG mice showed age-dependent decreases in 18 F-FDG uptake compared with WT mice, there was a significant increase in the mean 18 F-DPA-714 uptake in these same TG animals at age 12 and 15 months. The mean changes in 18 F-DPA-714 uptake did not change further over time in 6-to 15-month-old mice (or during this interval), except in the THA, showing that the TG and WT mice did not diverge further during ageing in terms of neuroinflammation. This might indicate that neuroinflammation has occurred and indeed reached its peak in the brains of TG mice much earlier than at 6 months of age. However, there were significant intergroup differences between TG and WT mice at 6 months of age in the cortex, HIPPO and STR (Figure 2 ). Taken together, these data suggest that both aging and Ab pathology increase brain neuroinflammation in mice, which was shown previously in another APP/PS1 mouse model. 39 Our 18 F-DPA-714 autoradiography results were in agreement with our in vivo PET data and showed that TG mice had increased uptake ratios relative to the CB for the cortical brain regions and for the HIPPO. Iba1 immunohistochemistry confirmed that there were already abundant activated microglia in the brains of 6month-old TG mice, and the number of activated cells increased further until the mice were 9 months old.
Our in vivo and ex vivo data were in line with data from previous preclinical studies of AD. Those studies found that there was microglial activation around the Ab plaques in TG AD animal models. Similar findings have been reported in post mortem brain samples of AD patients, although changes in the immune system and the role of the activated microglia in AD remain a matter of debate. 5, 40 In the APP/PS1 animal model, increased neuroinflammation was observed in 16-to 19-month-old mice with 11 C-PK11195 PET imaging, and these results were confirmed with Iba1 immunohistochemistry. 41 In younger (13-to 15-month-old) APP/ PS1 mice, 11 C-PK11195 PET imaging did not detect neuroinflammation, although Iba1 staining revealed abundant microglia in the brain. 42 Another 11 C-labelled tracer, 11 C-PBR28, showed increased inflammation in the brains of 6-month-old 5XFAD mice. 43 18 F-labeled TSPO tracers, such as 18 F-PBR06, 18 F-GE180 and 18 F-DPA-714, have been used to detect neuroinflammation in different animal models of amyloidosis: in vivo 18 F-PBR06 PET imaging differentiated 15-to 16-month-old APP L/S mice from age-matched WT mice, 44 while in vivo 18 F-GE180 PET differentiated 5and 16-month-old PS2APP mice 44 and 26-month-old APP/PS1 mice 39 from WT mice. The first and currently the only published longitudinal imaging study to use a TSPO PET tracer was conducted using 18 F-DPA-714. In that study, Se´rrie`re et al. repeatedly monitored 6-, 9-, 12-, 15-and 19-month-old APP/PS1 mice using 18 F-DPA-714. They only observed increased TSPO tracer uptake in 12-and 19-month-old TG mice compared with their WT littermates. 45 According to previous animal studies, TG mouse models of amyloidosis have demonstrated that microglia decrease Ab deposits via phagocytosis when the mice are still healthy or during the early stages of AD pathology. When the disease progresses due to the accumulation of Ab plaques, the microglia are unable to clear the Ab plaques from the brain. [46] [47] [48] This reversal of clearance ability is caused by impaired microglial transitioning and function. As a result, the accumulation of Ab and the activation of microglia act to stimulate each other, thus accelerating the pathogenesis of AD. 46, 49, 50 Analysis of 18 F-FDG and 18 F-DPA-714 uptake
The spatial resolution of our PET/CT scanner (1.4 mm) affected the quantification of 18 F-FDG and 18 F-DPA-714 uptake in mouse brain. Therefore, in order to minimise the partial volume effect, we adjusted the size of each VOI relatively large (8 mm 3 , HYPO 5 mm 3 ) and kept it at equal size in each mouse.
SUVs were used to represent the differences in 18 F-FDG uptake between TG and WT mice in vivo. The SUV is currently the most accepted clinical parameter for measuring glucose utilisation in 18 F-FDG PET studies. 51 Our decision to use SUVs was based on our PET imaging results, which detected significantly lower 18 F-FDG SUVs in the CB of TG mice versus WT mice, thus revealing pathological alterations in the TG mouse brain. Furthermore, mice gained weight while ageing. Therefore, the only way to compare mice to each other, regardless the age of the animal, was to analyse the uptake results as SUV. Classically, CB has been used as a reference region in preclinical AD 18 F-FDG studies, 45 mainly because of the lack of Ab deposition in the CB of TG animals. However, recent evidence has revealed that AD patients have decreased brain energy metabolism compared with healthy controls, even when there are no Ab plaques. 30, 32, 33 Nevertheless, we presented our ex vivo data in terms of the region-to-CB ratio because no suitable reference region in tissues other than the brain was observed according to our organ biodistribution studies, which found no uptake differences between TG and WT mice (data not shown). Presenting our ex vivo data as the ratios relative to the CB precluded demonstration of hypometabolism in the TG brain. This is, decreased hypometabolism in a target region would not be detected if there was concomitant reduction in the reference region, as shown by our in vivo 18 F-FDG findings. Deleye et al. discussed a similar phenomenon in their results in which findings of hypometabolism was vanished after calculating the region-to-CB in vivo. 31 We used the CB as the reference region for in vivo and in ex vivo analyses of 18 F-DPA-714 uptake. This decision was based on PET imaging data showing no differences in the 18 F-DPA-714 SUV values in the CB between TG and WT mice at any age, except at 12 months, which might have been an anomaly (Figure 2 , Tables S10 and S11). In general, there is no true reference region for TSPO, because this protein is found throughout the entire brain, including in the grey and white matter. 52 However, previous studies have suggested that the use of a pseudo-reference region is worthwhile in TSPO imaging research, in order to increase the sensitivity of the PET analysis, as long as there are no differences in SUVs in the reference areas between the study groups. 52 In a recent preclinical AD study, selection of the CB as a pseudo-reference region decreased the intragroup variance in the 18 F-GE180 imaging results compared with average SUV analysis. 53 Furthermore, a recent 11 C-PBR28 imaging study of AD patients benefited from using the CB as a pseudo-reference region compared with the use of arterial blood input. 52 
F-FDG study design
The conflicting results from 18 F-FDG studies performed in TG murine models of amyloidosis might delay AD research and drug development, because the evaluation of new therapeutic methods relies heavily on preclinical animal studies. There are several reasons why previous studies have failed to demonstrate pathological changes in animal models that are similar to the changes seen in AD patients. First, the chosen single-, double-, triple-or penta-mutation TG AD mouse model used in 18 F-FDG studies have different phenotypes that arise from the different mutations. Second, a wide range of study designs have been used in previous preclinical AD studies, making it difficult to compare the studies. 10, 11, 38 Third, 18 F-FDG PET measures energy utilisation in the whole body, rather than binding to a specific target, and 18 F-FDG retention is influenced by many factors. These factors include animal species, genetic modifications, age, temperature, stress, level of alertness, blood glucose level, administration route of 18 F-FDG and fasting time. The metabolic rates of mice are almost seven-fold higher than those of humans, and 67% even higher metabolic rates at room temperature (21 C) compared with their normal thermoneutral temperature of 30 C to 34 C. This makes mice more vulnerable to changeable environmental factors. [54] [55] [56] Fasting is used to standardise environmental factors by stabilising the metabolism of the animals and decreasing the endogenous glucose balance in skeletal muscle, brown adipose tissue and cardiac muscle in order to increase the 18 F-FDG uptake into the brain. 57, 58 However, variations in fasting times in animal studies might affect the results. For example, longer fasting can cause changes in hormonal levels, metabolism and stress levels and even to moderate body weight loss in the animals. 59, 60 We used shorter fasting time in our study to realise the benefits of fasting by standardising the metabolic status of the mice, increasing the brain uptake of the tracer and minimising the stress levels of the animals.
Anaesthesia can affect 18 F-FDG retention in organs by increasing the endogenous glucose levels. 57, 58 In our study, the blood glucose levels did not increase significantly under anaesthesia ( Figure S5 ). We only observed a significant difference in the basal glucose levels between TG and WT mice at 12 months, and these differences may have been due to the genetic mutations in the TG mice. This was observed previously in a different AD model. 31 After consideration of these environmental factors, we performed all of our in vivo and ex vivo 18 F-FDG studies with using isoflurane anaesthesia and a temperature-controlled heating pad and short-term fasting, and we monitored both body temperature and blood glucose levels.
In summary, this is the first longitudinal imaging study in which brain energy metabolism and neuroinflammation were monitored repeatedly over time in the same ageing AD mice. 18 F-FDG and 18 F-DPA-714 PET imaging showed age-dependent decreases in brain energy metabolism and increases in neuroinflammation in APP/PS1-21 mice. 18 F-FDG retention had decreased significantly in 12-month-old TG mice, whereas there was increased 18 F-DPA-714 uptake in TG mice relative to WT mice when the study began and the animals were just 6 months old. This finding suggests that neuroinflammation starts much earlier, and this is supported by our ex vivo 18 F-DPA-714 results from in 3-month-old TG mice. Decline in energy metabolism began much later, when the mice were 12 months old, suggesting the possibility that inflammation-triggered energy metabolism increase begin when the animals are very young.
The high positive correlation between in vivo 18 F-FDG and 18 F-DPA-714 uptake in the 6-monthold TG mice but not in 15-month-old mice demonstrates how energy metabolism decreases while neuroinflammation increases. This phenomenon might be a sign of a compensatory increase in metabolism at disease onset. Accordingly, as the disease progresses, the increase in energy metabolism might vanish.
In conclusion, this study has demonstrated that in a mouse model of AD, Ab-related pathology is evident at very early stages of life, with different pathological events occurring throughout the course of the disease.
The results indicate that translational PET imaging studies are needed to evaluate potential animal models of AD for future preclinical studies on AD drug development. In addition, standard study protocols for 18 F-FDG imaging studies should be developed in order to produce AD animal studies on glucose utilisation that can be compared with each other.
